Abstract-The modulation of protein molecular motors (actinmyosin) motility has been tested on several candidate materials for microfluidics devices, all having different hydrophobicities, chemistries and nanotopographies. The analysis of the distribution of molecular properties on the molecular surface of the molecular motor protein suggests that the two very different, temporally separated, conformations of the heads exacerbate the impact of the adsorbing surface on protein behavior. The motility on surfaces with moderate hydrophobicity exhibits a bimodal distribution of velocities of actin filaments, which can be explained by the existence of two molecular conformations of surface-immobilized motor, i.e. with one or two free active heads that propel the actin filament. The study demonstrates that PMMA and not nitrocellulose -the classical choice for actinmyosin motility assays-is the optimum material for the fabrication of future nanofluidics devices based on protein molecular motors.
INTRODUCTION
Protein linear molecular motors, i.e., actin-myosin, or microtubule-kinesin, are ubiquitous protein machines responsible for diverse biological functions, e.g., cell movement and division, transport of vesicles and muscle function. These remarkable nano-mechanical machines use adenosino-tri-phosphate (ATP) to transform chemical energy directly in mechanical energy with high yield and spatial precision, which prompted many attempts to emulate or integrate them in hybrid dynamic nanodevices. Both fundamental studies of linear molecular motors with medical, biological and biophysical motivations [1, 2] and applied studies with nanotechnology and nanoengineering motivations [3] have been well served by the development of in vitro motility assays. The simpler, more common "gliding" architecture (proposed for actin-myosin system [4, 5] ) consists of surface-adsorbed motor proteins (e.g., myosin or heavymero-myosin, HMM) that propel actin filaments that randomly glide on top of the locations where the motors are immobilized.
Many devices based on linear motors use motility confinement, e.g., using micro- [6] [7] [8] [9] [10] or nanostructures [11] , molecular selectors [12, 13] and motility directed by external forces [8, [14] [15] [16] [17] [18] [19] . However, some recently proposed biosensing devices [18, 19] monitor the unrestricted movement of filaments or microtubules (modulated by a molecular recognition event) on homogenous planar surfaces. These nanodevices circumvent the complications of micro/nanofabrication with materials that are either difficult to work with or can deactivate the immobilized protein motors. Several polymers and semiconductor or related materials demonstrated the biocompatibility with actin-myosin motors, but the relationship between surface properties and motility characteristics was not thoroughly studied [9, 20] .
This work uses molecular considerations and statistical analysis of the movement of molecular motors-propelled filaments to study the impact of material properties, in particular hydrophobicity, on the motility of actin filaments moving on HMM-functionalized surfaces.
II. METHODS

A. Molecular surfaces
The structures of several representative molecular motor proteins, including two structures of the S1 unit of myosin, one in the rigor state (2MYS) and one in the flexed state (1DFK); and a heavy mero-myosin (HMM) structure (1I84)proteins have been collected from the Protein Bata Bank [21] .
The distribution of charges and hydrophobicity on the molecular surface of motor proteins was computed using Connolly's algorithm [22] and visualized using DS Viewer Pro. (Accelerys Inc.). Briefly, the procedure, which was described before [23] , records the local properties (charges and hydrophobicity) of points of contact with a virtual rolling 'solvent ball' on the protein molecular surface. The use of probing balls with small radii will produce detailed molecular surface maps, while the use of probing balls with large radii, which mimic flat surfaces, will result in patchy surfaces.
B. Surface preparation and characterization
Six surfaces, i.e., hydrophilic glass, hydrophobic glass, nitrocellulose (NC), Poly(methyl methacrylate) (PMMA), Poly(tert-butyl methacrylate) (PtBuMA) and a copolymer comprising O-acryloyl acetophenone oxime copolymerized with a 4-acryloyloxybenzophenone sensitizer (AAPO-ABP), have been used to test the modulation of motility. All these materials either have been used for actin-myosin motility (NC, PMMA, AAPO) or/and are good candidates as fabrication material for microfluidics devices (glass, PMMA).
C. Motility assays
The experimental procedures for motility assays used in this study followed those described before, [7, 10] . Briefly, HMM and actin were extracted from the back and leg muscle of a rabbit and purified by methods previously reported [24] . Actomyosin motility assays followed procedures described in the literature [25] . Flow cells, built for the observation of motility by sealing the test surfaces laterally with double sidedtape and a glass slide roof, have been mounted on a fluorescence microscope for observation and recording. Images were recorded every 100 milliseconds using a high resolution camera (Photonics Science Ltd.) controlled by Image-Pro Plus software (Ver. 5.0, Media Cybernetics). The manual object tracking using Image-Pro Plus features allowed the collection of the coordinates of actin filament heads in consecutive frames, from which motility statistics were computed.
III. RESULTS AND DISCUSSION
A. Molecular considerations
In general, the behavior of proteins immobilized on surfaces is modulated by (i) protein properties (e.g., hydrophobicity and charges, responsible of hydrophobic and electrostatic interactions, respectively, with the adsorbing surface; molecular weight and protein flexibility); (ii) adsorbing surface properties (e.g., surface tension, chemistry and possibly nanotopography); and (iii) fluid properties (i.e., pH, ionic strength and temperature). Due to the extreme sensitivity of protein molecular motors, the motility assays and related nanodevices are operated in highly optimized fluid conditions and usually on surfaces that are thoroughly tested for the preservation of motility. state (1DFK, left) and rigor state (2MYS, middle) and whole heavy meromyosin (1I84, right). The S1 units were probed with a solvent ball with a radius of 0.8nm, in order to visualize the differences between them. The HMM structure was probed with a ball with larger radius (2nm) in order to visualize the distribution of the points of contact of the whole HMM molecular surface with a flat adsorbing surface. 2nm represents the maximum average height of the nanotopography of the surfaces tested. Figure 1 presents the molecular surfaces of HMM and two extreme conformations of the S1 unit of HMM heads as probed by the adsorbing surface simulating the adsorbing surface (i.e., a very large radius of the probing ball). First, the comparison of the molecular surfaces of the flexed and rigor conformations leads to the qualitative realization that these structures are extremely different. For instance, the flexed structure (Figure 1 , left) has a larger contact area with the adsorbing surface and the hydrophobicity is more evenly distributed than for the rigor structure (Figure 1, middle) . If the S1 unit would be a standalone protein, the flexed structure would absorb more on surfaces. Also the rigor structure would be more prone to denaturation due to preferential adsorption of selected sites, which should lead to important local conformational changes. Therefore, the S1 unit (and by extension myosin) is in a sense a 'bimodal' protein, switching between very different conformations for each stage in the power stroke cycle. Second, the coiled coil region of HMM molecule (Figure 1,  right) is less dense than the head regions and therefore its conformation is expected to collapse when adsorbed on surfaces. Consequently, the head regions are also more likely to contact the surface too. Third, the dimensions of the S1 units, let alone those of the whole protein, are quite large compared with the average height of the roughness of surfaces used for motility assays (few nanometers for surfaces tested).
B. Statistical analysis of motility data
Although, the surfaces used to test the modulation of motility vary greatly in chemistry and hydrophobicity, it appears that only surface hydrophobicity modulates the average velocity of actin filaments. The most hydrophilic and the most hydrophobic surfaces cannot maintain the motility of actin filaments, but moderate hydrophobic surfaces provide a 'motility window' (34 to 52 dyne/cm) in which the average velocities vary from 1.5 to 3.5 μm/s.
The analysis of the distribution of velocities, accelerations and deflection angles provides a more detailed understanding of the surface-induced modulation of motility (Figure 2) . First, the velocity-acceleration bivariate histogram (Figure 2, left) indicates that all velocity distributions present two maxima. The ratio [low velocity cluster/high velocity cluster] is surfacespecific, reaching a minimum for PMMA. It appears that the overall, average velocity is more a result of the extent and the relative weight of the two clusters of velocity-acceleration populations rather than their mode (most frequent value in the cluster). Second, the distribution of instantaneous acceleration and deflection angle (right column of double histograms), which are both independent measures of the smoothness of movement, are also surface-specific. Most notably, PMMA presents the smoothest translational movement (low variation of accelerations), while NC presents the smoothest directional movement (low variation of deflection angles).
C. Motility processes modulated by surface properties
The above results and discussion allow the formulation of a model describing the surface-modulated, myosin II-induced motility of actin filaments. First, the motility of actin filaments is the result of the global distribution of HMM active heads along the filament and the existence of an HMM head (or cluster of heads) that propel the head of the actin filament. If the head of the actin filament cannot find an active propeller, it 'searches' the surrounding area by Brownian motion until the movement is unlocked. Second, the motility of actin filaments can be modulated by the balance between higher surface density of HMM heads, which is reached on more hydrophobic surfaces; and higher level of active, non-denaturated HMM heads, which is achieved on more hydrophilic surfaces. It is possible that some denaturated heads will still be able to attach to actin filament, but they will be unable to propel it, which will result in an apparent drag force applied on the filament. Third, the random character of protein adsorption will result in three possible orientations of surface-adsorbed HMM and consequently three HMM populations, i.e. HMM (i) working with both heads (high velocity -right hand clusters in velocityacceleration double histograms in Figure 2) ; (ii) working with one head (low velocity; myosin II, can propel the actin filament with only one head [26] and (iii) unable to propel actin filaments because of surface-induced protein denaturation. for AAPO is truncated due to the lack of data for higher velocities.
Furthermore, the distribution of HMM populations following initial adsorption cell is likely to be frozen by the subsequent incubation with BSA, which will occupy the free areas surrounding HMM molecules. The surface defects appear to be too small compared to HMM molecules to have any significant impact on their operation.
The proposed model allows putting the findings in a common context. First, on surfaces outside the 'motility window' (hydrophilic glass, PtBuMA) the concentration of population of active motors (i) and (ii) is below a critical level needed for motility. At one extreme, the lack of motility on hydrophilic glass is due to the low density of total HMM molecules, and consequently the large distances between isolated heads. At the other extreme, the lack of motility on PtBuMA can be attributed to the high level of protein denaturation, leading to the same result i.e., large distances between active heads. Second, surfaces at the edges of 'motility window' (AAPO and HMDS-glass) will have a concentration of active HMM heads above the required critical level, but will also present a higher proportion of population (ii) (left hand cluster in velocity-acceleration histogram in Figure 2) . Third, surfaces centered in the 'motility window' (PMMA and NC) will present a higher proportion of HMM population (i) than population (ii). The above model proposes that the surface hydrophobicity modulates the overall velocity of actin filaments via the relative ratios of possible conformations of surface-adsorbed HMM, which are set in the initial stages of adsorption, rather through the direct impact on individual biomolecules. The existence of two concomitant populations of instantaneous velocities has been proposed before34-36 for actin-myosin system, but this behavior was not linked to the possible conformation of the motor protein on the surface.
D. Significance for the design, fabrication and operation of inverted nanofluidics devices
Contrasting with classical microfluidics devices, where fluids move in micro/nano-fabricated structures due to the action of power sources outside microfluidics devices, in devices based on linear protein molecular motors motile microor nano-objects are propelled through static fluids by motor proteins, which are either immobilized on these objects or on the encapsulating microstructure, and which draw their power from the fluid itself (containing ATP). Therefore, each molecular motor-propelled motile micro/nano-object (beads, simple or decorated actin filaments or microtubules) represents in a sense an 'inverted nanofluidics' device with an independent operation.
In many envisaged applications of nanodevices based on protein molecular motors, the velocity of the nano-objects is the critical factor. For instance, for extremely rapid biosensors which transduce biomolecular recognition events in drastically different, preferable on-off motility, high nano-object velocities lead to short response times. For other devices however, e.g., those performing repetitive directional tasks [16, 27] the smoothness of movement is also critical. The challenge is then to find the conditions that ensure the optimal operation, but equally quasi-identical operation of these independent devices. Another, separate challenge is the selection of materials amenable for device fabrication and operation.
The present study suggests that PMMA is a very good candidate for these inverted micro/nanofluidics devices, because (i) it allows good motility characteristics of the actin filaments, i.e., sufficiently high average velocities, and smooth translational movement; and (ii) it is an excellent fabrication material for both nanolithography (e.g. e-beam and ion-beam nanolithography [28] ; and nano-imprint lithography [29] and microfluidic devices (e.g., easy functionalization [30] and low fluorescence background [31] ). The larger variability of the directional movement can be managed, if indeed needed, through micro or nanofabricated structures, as it has been demonstrated before [7,8.9,13] for PMMA. In addition, this study demonstrates that PMMA is also the optimal material from the operational perspective, because it presents a quasimono-modal distribution of the propellers. Finally, given the relative large dimensions of HMM and easy functionalization procedures of PMMA surfaces [30] it would possible to perform some vertical nanoengineering solutions (as opposed to the already well developed horizontal using appropriately shaped rectifiers [12, 13] that will allow mounting individual HMM heads on elevated nanostructures (e.g., via functionalization with myosin antibodies), which in turn will allow the full detachment form surface effects.
IV. CONCLUSIONS
This contribution demonstrates the need -and the possibility-of the optimization of surfaces for future dynamic, inverted nanofluidics devices based on protein molecular motors. The study suggests that small variations in hydrophobicity reflect in large variations of motility characteristics and that mildly hydrophobic polymers, of which PMMA is a perfect candidate for nanofluidics device, are optimal for the maintenance of motility of actin filaments. The study also suggests that the opportunities offered by present nanotechnology, which can commonly fabricate structures smaller or with similar sizes as protein linear molecular motors, is still to be fully exploited for dynamic nanodevices.
